growth hormone (GH) are disrupted and as a result, growth and adult stature are severely reduced. Individuals with this or other dwarfing syndromes were also reported to have little atherosclerosis in spite of unfavorable serum lipid profiles. At first glance, the co-existence of major health benefits with severe defects in endocrine function is contradictory, or at the very least, exceedingly unlikely. However, the notion that smaller body size can offer advantages in terms of health and longevity is not new. Although not universally accepted, the concept is supported by a considerable amount of evidence. Genetic alterations that block GH secretion or action delay aging and impressively extend longevity in laboratory mice. In this mini-review, we will bring together some of the evidence that suggests that, at least in terms of healthy aging, 'smaller is better.' We will also identify mechanisms that are most likely to explain the surprising benefits of being small.
Introduction
It was recently reported that Laron dwarfism, a rare genetic disorder of endocrine function, provides a striking, virtually complete protection from diabetes and cancer [1] . In individuals with this syndrome, the actions of [4] provided numerous examples of a similar, that is, negative association of body size and longevity in humans. The significance of these observations for understanding the mechanisms that control aging was, until recently, largely overlooked. This may have been due to the fact that in comparisons between rather than within a species, it is the larger animals that generally live longer. Moreover, during the last 50-100 years, many human populations experienced parallel increases in adult stature and longevity. However, the positive association of body size and lifespan in different species is by no means universal. Thus, humans live much longer than larger mammals, with elephants and whales being the only exceptions. Many species of bats live much longer than mice or other small rodents even though they weigh less and birds live much longer than mammals of the same body weight. Recent impressive gains in average life expectancy in technologically advanced countries were largely due to improvements in public health measures (e.g., safe drinking water supply, vaccinations against multiple diseases) and to progress in medicine. The huge impact of these advances on life expectancy overshadows the consequences of concomitant changes in nutrition that tend to increase growth and adult stature.
In 1972, a paper dealing with osteoarthritis reported a remarkably long lifespan and a delay of age-related pathological changes in the joints in Snell dwarf mice [5] . Snell dwarfs have hereditary deficiencies of several hormones including GH, and diminutive body size (approximately 1/3 of normal). This rather striking observation appears to have been completely missed by gerontologists. In 1996, Brown-Borg et al. [6] reported major increases in average and maximal longevity in Ames dwarf mice, diminutive mutants with endocrine defects identical (or nearly identical) to those in Snell dwarf mice. Because deficiency of GH leads to profound suppression of circulating levels of insulin-like growth factor 1 (IGF-1) and to a reduction in the levels of insulin, it was soon realized that findings in Ames and Snell dwarf mice relate in most interesting ways to the evidence that reduction in the actions of homologous hormones (insulin/IGFlike signaling; IIS) extends longevity in a microscopic roundworm, Caenorhabditis elegans, and in a fruit fly, Drosophila melanogaster [reviewed in 7, 8 ] . Studies in the Ruvkun laboratory provided evidence that daf-2, the key 'longevity gene' in C. elegans , is homologous to gene coding for mammalian IGF-1 and insulin receptors [9] and age-1, the first gene shown to control longevity in C. elegans that acts downstream from daf-2, is homologous to PI3 kinase, an enzyme involved in transmission of IGF-1 and insulin signals in mammalian cells [10] . It is now accepted that the IIS pathway is an evolutionarily conserved mechanism that controls aging in organisms ranging from yeast to mammals [7, 8, 11] . Interestingly, some of the long-lived D. melanogaster mutants are smaller than the corresponding normal ('wild-type') animals.
Findings Linking Reduced Growth with Delayed Aging and Extended Longevity Are Confirmed and Expanded
During the past 15 years, association of extended longevity and reduced body size was described in a number of mouse mutants with various defects in the so-called 'somatotropic' (GH/IGF-1) signaling [reviewed in 12 ] . The best example of the positive impact of reduced somatotropic signaling on healthy aging and longevity was provided by studies of mice created in the laboratory of John Kopchick [13] by disrupting the GH receptor gene. Extended longevity of these mutants was documented in independent studies in different laboratories using diets of different composition and breeding the animals on different genetic backgrounds [13] [14] [15] . Importantly, many indices of biological aging were shown to be delayed and/or attenuated and the maximal lifespan is increased in Snell dwarf, Ames dwarf and GHreceptor deleted (Ghr-/-, often referred to as GHRKO or Laron dwarf) mice [3, 5, 16, 17] . This indicates that increased longevity of these mutants reflects delayed and/or slower aging and this, in turn, may prevent agerelated disease. Richard Miller's laboratory provided important evidence that the negative association of somatotropic signaling with longevity applies not only to comparisons of mutant and normal mice but also to individual differences between genetically normal animals. Thus, in a genetically heterogeneous population of mice derived from crosses of four inbred strains, body weight of young adults and serum IGF-1 levels were shown to be negative predictors of lifespan of individual animals. Results of this study were published under a title that says it all: 'Big Mice Die Young' [18] . Further evidence for the association of lower levels of IGF-1 with longer life was obtained by Yuan et al. [19] who analyzed differences in plasma IGF-1 concentration and in longevity between 31 inbred strains of mice.
Studies in dogs, rats and horses provided strong evidence that the negative association of body size and longevity is not limited to laboratory stocks of mice [20] [21] [22] . In fact, the widely known and well-documented differences in the average lifespan of various dog breeds or mixed-breed dogs of different size provide some of the most striking examples of small animals living longer than larger individuals from the same species [21, 23] and link this relationship specifically to genetic differences in IGF-1 levels.
In 2007, Samaras and Rollo [24] published a book that compiles numerous datasets showing negative association of body size and longevity in various human populations. Although results of some studies do not support this association, there is very strong evidence that taller people are at greater risk of developing various kinds of cancer [25, 26] . However, body size of some long-lived Drosophila and mouse mutants is normal or only slightly reduced.
Human Dwarfism Protects from Some Age-Related Diseases
Suppression of somatotropic signaling caused by genetic GH deficiency or GH resistance leads to reduced growth and adult stature along with obesity and serum lipid profiles that in genetically normal individuals predict increased risk of cardiovascular disease (CVD). Increased CVD-related mortality and reduced lifespan were reported in a population of GH-deficient individuals in Switzerland in comparison to their normal relatives [27] . In contrast to these observations, no increase in atherosclerosis was detected in a population of GH-deficient individuals in Brazil in spite of similar 'unfavorable' serum lipid profiles [28] . Moreover, arterial function was not impaired in obese, hyperlipidemic individuals with Laron dwarfism, hereditary GH resistance due to absence or loss of function of GH receptors [29] . A recent study of Laron dwarfs in Ecuador revealed a complete absence of diabetes and only 1 case of cancer among 99 individuals, and no record of deaths due to either of these diseases [1] . Moreover, meta-analysis of data from several populations of GH-resistant individuals confirmed virtually complete protection from cancer [30] .
In the context of the increasing evidence that GH deficiency or resistance and the consequent reduction of circulating IGF-1 levels can protect from cancer, diabetes and atherosclerosis, it is interesting to compare these findings to the consequences of pathological hyperfunction of the somatotropic axis. In acromegalics, GH-secreting tumors produce a chronic excess of GH and IGF-1 and affected individuals are at increased risk of diabetes, CVD and cancer and have a reduced life expectancy [31] . Transgenic mice overexpressing GH are much larger than normal animals, insulin resistant, hyperinsulinemic, prone to cancer, short-lived and prematurely exhibit many phenotypic features that are normally associated with aging [32] .
Lifespan of Humans with Various Dwarfism Syndromes
As was mentioned earlier, hereditary GH deficiency in one human population was significantly associated with increased CVD and reduced life expectancy [27] . However, it was also reported that some individuals with hypopituitarism and dwarfism due to mutation of the Prop1 gene (the same gene that is mutated in Ames dwarf mice) or with dwarfism due to GH resistance can reach very advanced age [30, 33] . There are no reports of increased average longevity in any of the examined populations of human dwarfs. Apparently the beneficial effects of protection against cancer, diabetes and atherosclerosis are counterbalanced by the increased risk of death from other causes, which in Laron dwarfs in Ecuador include accidents, seizures and alcohol abuse [1] and by differential impact of dwarfism on early versus late mortality in the examined populations [1, 28] . Nevertheless, protection from diabetes, cancer and atherosclerosis in individuals with mutations that lead to obesity, hyperlipidemia and severe suppression of growth provides evidence that some of the benefits of reduced somatotropic signaling discovered in mice, dogs and other animals apply also to our species. Indeed, studies of polymorphism of genes related to somatotropic signaling support the association of reduced levels of GH or IGF-1 receptors with exceptional longevity in the human [34, 35] .
A negative correlation of height and longevity in various studies of genetically normal people was mentioned earlier in this article. It appears exceedingly unlikely that short stature or small body size per se may confer advantages in terms of healthspan and lifespan. Instead, the negative association of body size with longevity in mice, rats, dogs, horses and some human datasets likely reflects the fact that these characteristics share dependence on the same controlling mechanism or mechanisms. From the available evidence it can be postulated that somatotropic signaling is such a common mechanism. Because GH deficiency or resistance can slow aging and protect from some age-related diseases, we hypothesize that GH actions accelerate aging. Since GH is a major regulator of somatic growth and adult body size, this hypothesis would explain the longevity advantage of smaller individuals. It also leads to an obvious question, namely how GH signaling can influence aging and longevity. In the remainder of this mini-review, we will identify mechanisms that are likely to account for the impact of reduced GH/IGF-1 actions on aging, age-related disease and longevity.
How Can Somatotropic Signaling Affect Aging?
Improved Stress Resistance Increased stress resistance has been associated with increased lifespan in many organisms. Oxidative stress damage to nucleic acids, proteins and lipids is believed to represent an important mechanism of aging across species although some recent findings question various implications of the oxidative theory of aging. Long-lived Ames dwarf mice have increased levels and activity of several antioxidant enzymes, reduced production of reactive oxygen species and reduced oxidative damage in various organs [36] . Dermal fibroblasts derived from these animals or from other mutants lacking GH or GH receptors are more resistant to a variety of oxidative or other cytotoxic insults than cells derived from genetically normal, control animals [ 37 and references cited therein]. Importantly, stress resistance is severely attenuated in cells from Ames dwarfs that had been injected with GH for several weeks [37] . Furthermore, Ames dwarfs have reduced susceptibility to the toxic effects of Paraquat, an insecticide that produces massive oxidative stress [38] .
Reduced Insulin Levels and Improved Insulin Signaling
Somatotropic and insulin signaling pathways interact at multiple levels. Both GH and IGF-1 promote development of insulin-producing pancreatic ␤ cells. While IGF-1 mimics many of insulin's effects, GH is generally antiinsulinemic and promotes insulin resistance. Insulin stimulates fat deposition while GH is lipolytic. Longlived mouse mutants with GH deficiency or resistance are hypoinsulinemic and very sensitive to insulin actions. The combination of reduced insulin levels and improved insulin sensitivity in these animals resembles the effects of calorie restriction (CR) in both animals and humans.
Suppression of GH release by CR may contribute to these effects. In studies of interactive effects of CR and longevity genes in mice, these alterations in insulin release and actions were consistently associated with extension of longevity [15, 39] .
Altered Distribution and Secretory Function of Adipose Tissue
In the mouse, as in the human, suppression of GH signaling leads to increased adiposity. In GH-deficient and GH-resistant mouse mutants, white adipose tissue (WAT) accumulation is increased primarily in the subcutaneous depots with less of an effect on the accumulation of visceral fat. In spite of increased adiposity and leptin, the profile of circulating adipokines is shifted from pro-toward anti-inflammatory with a significant increase in adiponectin levels [40] . Adiponectin is a product of WAT that promotes insulin sensitivity, exerts anti-inflammatory and anti-atherogenic actions and is associated with increased longevity in both mice and humans. Increased levels of adiponectin were reported in centenarians and in the offspring of exceptionally long-lived people [ 41 ; R. Westendorp, pers. commun.]. Recent studies in our laboratory provided evidence for increased secretion of adiponectin by visceral fat of Ghr-/-('Laron dwarf') as compared to normal mice [M. Masternak, unpubl. data].
Reduced Mammalian Target of Rapamycin (mTOR) Signaling
There is considerable evidence that the TOR pathway is importantly involved in the regulation of mRNA translation, protein synthesis and growth, in mediating responses to CR and in regulation of aging and longevity in organisms ranging from yeast to mammals. The lifespan of mice can be increased by pharmacological suppression of mTOR signaling or by genetic deletion of its key target ribosomal protein S6 kinase [42, 43] . Signaling via mTOR pathway is reduced in Ames dwarf and Laron dwarf mice, and this undoubtedly contributes to a reduction in cell size and somatic growth in these animals, as well as their increased sensitivity to insulin actions [39, 44] . Together with profound suppression of circulating IGF-1, reduced activity of this pathway is among the most likely reasons for a reduced incidence and severity of neoplastic diseases in these dwarfs [45] .
Other Mechanisms
Somatotropic signaling and its effects on growth and adult body size appears to be linked with the regulation of aging and longevity by multiple mechanisms. Studies in mouse mutants characterized by dwarfism and increased longevity indicate that these mechanisms include those listed in the preceding paragraphs as well as shifts in mitochondrial function and metabolism including increased ␤ -oxidation of lipids as energy substrates [46] , reduced body temperature [47] , improved maintenance of stem cell populations [48] , better genome maintenance as suggested by reduced mutation rate [49] , enhanced expression of genes involved in metabolism of xenobiotics [50] , as well as multiple alterations in the profiles of gene expression in different organs, leading to metabolic adaptations yet to be identified.
Discussion and Conclusions
The common tendency to associate taller stature with physical attractiveness, authority, leadership and social and professional success leads to the perception that, in the realm of human growth similar to economic growth, bigger is better. However, many observations led scientists to question this perception. It has been known for decades that smaller dogs, mice, and horses outlive their larger counterparts and genetically dwarfed mice are remarkably long-lived. This relationship was detected also in studies of some human populations, and taller stature is now regarded as a risk for several common types of cancer. Recent reports indicate that several types of human hereditary dwarfism provide striking protection from major age-related diseases. These findings may appear counterintuitive but fit with the current understanding of the genetic causes of aging and with the concept of 'tradeoffs' between longevity and various phenotypic characteristics reflecting evolutionary fitness.
The reader may ask whether these intriguing relationships have any practical implications for lifestyle recommendations, clinical practice or public health issues. Severely reduced postnatal growth and adult body size in humans with an absence of GH or GH receptors is clearly not an optimal or a desired phenotype. Moreover, reduced prenatal growth and low birth weight have been associated with an increased risk of chronic disease in adult life. However, an argument can be made that a modest reduction of food intake below the level of current average food consumption in developed countries could provide a measure of protection from diabetes and cancer and likely improve life expectancy by reducing the activity of the somatotropic axis. In mice, reducing the supply of pre-weaning nutrients by increasing the number of pups per litter slightly reduced adult body size and significantly increased longevity [51] . Modifications of the macronutrient composition of the diet could specifically target IGF-1 and/or mTOR which have been linked to cancer. These considerations may be particularly timely now, when many societies face catastrophic increases in the incidence of obesity and contemplate various means to promote healthier diets and better balance between caloric intake and energy expenditure. There are also exciting prospects that further research into the relationships of the somatotropic axis, growth and body size to healthspan and lifespan will improve our understanding of the developmental and physiological processes that control aging and identify targets for development of novel antiaging interventions.
